Abstract
Methods
We analyzed GIM biopsies from a cohort of 76 patients, 11 of which were HCV-negative and 65 HCV-positive. Of these, 54 biopsies were from liver-transplanted patients. In 29 cases, we were able to investigate gastrointestinal biopsies from the same patient before and after transplant. To evaluate the presence of HCV, we looked for viral antigens and genome RNA, whilst to assess viral replicative activity, we searched for the replicative intermediate minus-strand RNA. We studied the genetic diversity and the phylogenetic relationship of HCV quasispecies from plasma, liver and gastrointestinal mucosa of HCV-livertransplanted patients in order to assess HCV compartmentalization and possible contribution of gastrointestinal variants to liver re-infection after transplantation.
Results
Here we show that HCV infects and replicates in the cells of the GIM and that the favorite hosts were mostly enteroendocrine cells. Interestingly, we observed compartmentalization PLOS ONE | https://doi.org/10.1371/journal.pone.0181683 July 27, 2017 1 / 30 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Introduction
Hepatitis C virus (HCV) belongs to the virus family of Flaviviridae, whose members are known to infect a wide array of target cells, resulting in multi-faceted disease expression. However, HCV predominantly infects hepatocytes, leading to acute and chronic hepatitis. HCV particles are constituted by a single-stranded positive RNA genome, the Core antigen and the envelope glycoproteins, E1 and E2. The viral envelope is a lipid membrane in which the glycoproteins E1/E2 are anchored. This structure coats the nucleocapsid, consisting of the core protein and HCV genome. Envelope glycoproteins mediate viral entry in the host cell, having a role in receptor binding and membrane fusion between viral envelope and the host cell. HCV entry in the host cell requires a cascade of coordinated and consecutively ordered events where virus binds to a number of receptors. They include SRB1 [1] , tetraspanin CD81 [2] , tight-junction proteins claudin-1 [3] (CLDN1) and occludin (OCLN) [4] and the LDL receptor (LDLR) [5] and are expressed by many cell types. HCV viral particles have indeed been found in peripheral mononuclear cells (PBMC) for instance, as well as cells of the spleen, intestine, pancreas, heart, kidneys, brain, lymph nodes, dendritic cells, B and T lymphocytes [6] [7] [8] [9] [10] [11] [12] [13] [14] . Besides hepatitis, HCV chronic infection is indeed characterized by several extrahepatic manifestations including hematologic diseases such as cryoglobulinemia and lymphoma, autoimmune disorders such as thyroiditis, renal disease or dermatologic syndromes such porphyria cutanea, cardiovascular diseases, metabolic syndromes like diabetes and nervous system illnesses [15] . This wide array of non-liver diseases implies a more complicated and knitted HCV tropism, extended to extrahepatic tissues and remains to be fully elucidated.
20-30% of HCV infected patients spontaneously eradicate infection by mounting humoral and cellular immune response [16] [17] [18] [19] . However, in the remainder population, HCV establishes chronic infection aided by the high replicative rate, the increasing genetic variability and the ability to evade immunological pressure [20] [21] [22] [23] [24] [25] [26] [27] . The discovery and clinical use of new generation direct-acting antivirals (DAAs) has signed an invaluable milestone in the treatment of chronic HCV infection. The use of the nucleotide polymerase inhibitor Sofosbuvir, the protease inhibitor Simeprevir and HCV NS5A inhibitor Ledipasvir and other drugs introduced more recently in different combinations has allowed the achievement of sustained virological response (SVR) rates higher than 90% in patients with chronic hepatitis in an interferon-free regimen. The current European recommendations on HCV treatment have broaden the range of treatable patients, including those categories that were previously excluded, such as heavily decompensated cirrhotic, patients with renal failure or high MELD score [28] . Recently, DAAs therapies have shown to provide benefit also on extrahepatic manifestations in treated patients [29] . However, data on possibly upcoming long-term side effects of DAAs therapies are not available yet, involving emergence of drug Resistant Associated Substitutions [30] or extrahepatic side effects, for instance. For example, the detrimental effects of anti-viral therapies on liver tumor recurrence in patients that have developed HCV-related hepatocarcinoma has been reported [31] . Results from clinical trials on the treatment of liver transplanted HCV patients are only recently emerging, showing that SVR rates are less satisfactory than expected, scoring an average of 70% [32] . Recently, a study conducted in a cohort of HCV patients treated with DAAs after liver transplantation has revealed the existence of occult HCV infection in PBMC and liver, implying responsibility for liver reinfection [33] . In some cases, treatment for HCV related end-stage liver disease remains orthotopic liver transplantation (OLT) [19, 24, 34] . After transplantation, however, the newly engrafted liver is universally re-infected, likely due to the "residual" virus still circulating systemically and/or vehicled from extrahepatic reservoirs [35, 36] . In our study, we investigated the role of the gastrointestinal mucosa (GIM) as an extrahepatic reservoir, addressing its contribution to post-transplant liver re-infection. To sustain productive HCV infection, permissive cells must allow viral entry and sustain viral replication and infection transmission via release of infectious viruses and/or cell-to-cell contact. Here, we investigated if GIM cells sustain HCV replication acting as productive extrahepatic virus reservoir and playing a role in the natural history of HCV infection and persistence. We hypothesized that HCV-positive gastrointestinal epithelial cells could produce and release in the blood HCV particles able to infect the liver via the enterohepatic circulation. To test this hypothesis we analyzed GIM biopsies from HCV+ patients. To assess HCV infection, we determined the presence of viral proteins in the GIM biopsies before and after OLT by immunohistochemistry and quantification of total HCV RNA. By co-localization imaging, we identified the specific cell types preferentially infected by the virus. Furthermore, we determined the presence of replicating virus by minus-strand HCV RNA detection, representing a replicating intermediate. Finally, we studied HCV compartmentalization through quasispecies analysis, in order to underpin the contribution of GIM viral variants to liver re-infection.
Results

Gut biopsies of HCV patients are positive for viral RNA and proteins
We studied GIM biopsies from a cohort of patients referred to Ismett from 2005 to 2014. In particular, we analyzed GIM biopsies form 76 patients, 11 of which were HCV-negative and 65 HCV-positive. Of these, 54 biopsies were from liver-transplanted patients. In 29/54 cases, we were able to investigate gastrointestinal biopsies from the same patient before and after OLT. To increase assay sensitivity, detection of viral RNA was performed by nested-PCR. We found that 79% of GIM biopsies collected before transplantation and 69% collected after transplantation were positive for HCV RNA. To determine if the detected viral RNA was derived from HCV actively replicating in GI tissues, we searched for the presence of minus-strand HCV RNA in the bioptic samples. 73% of HCV RNA+ biopsies before OLT and 40% of HCV RNA + biopsies after OLT were also positive for virus minus RNA strand, indicating HCV active replication (Table 1) . Moreover we found HCV RNA in 36% of the biopsies from the remainder 25/54 HCV transplanted patients and 89% of them were also positive for HCV RNA minus strand. In all cases we found HCV RNA in GIMs biopsies of HCV-infected patients, independently to HCV viremia positivity. These data show that HCV RNA minus strand appears to be significantly prevalent in GI tissues of HCV-infected patients (p<0.05). Moreover, since the negative strand is approximately 10% of the positive strand concentration in HCV infected cell cultures [37] , false negatives might result, at least in part, due to technical limitations as only small amounts of good quality RNA are extractable from formalin fixed paraffin-embedded samples. Although most of the analyzed tissues were of gastric origin, we did not notice any difference in the presence of HCV RNA and minus strand between biopsies from stomach and intestine. Data shown thus far were obtained from transplanted patients administered with immunosuppressive therapy. We wanted to assess HCV infectivity and replication rate also in immunocompetent host cells. To do this, we analyzed GIM biopsies from not-transplanted HCV positive patients. We had access to 11 GIM samples from not-transplanted HCV patients (Table 2) . We found HCV RNA in 36% of biopsies of HCV positive patients, 75% of which were also positive for HCV RNA minus strand. By immunohistochemistry, the analyzed HCV + GIM biopsies resulted to be positive both for structural (C, E1, E2 Ags) and non-structural (NS3, NS4) HCV proteins " Fig 1" confirming that the virus could actively replicate in GI cells. Morphological analysis of histological sections revealed that HCV proteins were mostly found in stromal cells and in enteroendocrine cells. However, as shown in "Fig 1" , only few cells resulted to be positive for HCV proteins in GIM tissues, except for some isolated samples as in " Fig 1F" . The analysis of the biopsies taken from the same patients showed that level of positivity for HCV proteins in GI cells is quite similar pre-and post-transplantation " Fig 2" . In particular, biopsies of 2 patients before OLT and 4 patients after OLT were positive for 5 HCV Ags; biopsies from 6 patients before and after OLT were positive for 4 Ags; biopsies from 8 patients before OLT and 5 patients after OLT were positive for 3 Ags; biopsies of 5 patients before OLT and 11 patients after OLT were positive for 2 Ags; biopsies from 5 patients before OLT and 2 patients after OLT were positive for 1 HCV Ag. 
Detection of HCV core Ag and chromogranin A in neuroendocrine cells of GIM compartment
The intestine is the largest endocrine organ in the body where enteroendocrine cells in particular are widely distributed throughout the gastrointestinal tract [38] . Enteroendocrine cells are subcategorized into: enterochromaffin cells for the 70% that mainly secrete Chromogranin A, serotonin and synaptophysin; D cells that secrete somatostatin and L cells which produce proglucagon-derived peptides and peptide YY [39] . By immunohistochemistry we observed that cells that stained positively for HCV antigens were characterized by the morphology of stromal and neuroendocrine cells " Fig 1" . To confirm this observation and thus precisely identify the specific cell type infected by the virus, we performed an immunofluorescent co-staining on GIM sections, using antibodies against HCV core Ag (green) and chromogranin A (red), markers of enterochromaffin cells [39] . The results showed in "Fig 4" demonstrate that Chromogranin A and HCV Core Ag signals co-localize (merged image), thus confirming that enteroendocrine cells are permissive to HCV infection.
Gene expression analysis of somatostatin genes in GIM
In order to underpin the ability of the virus to affect the function of enteroendocrine cells, we evaluated the expression levels of somatostatin, main gene marker of D cells function [39] , in bioptic samples from 29 patients (HCV-positive n = 22; HCV-negative n = 7 as control). The results showed high levels of expression for somatostatin gene in all HCV patients normalized to uninfected controls " Fig 5A" . The comparison of the ΔCt values obtained from the HCV + patients group and from the HCV-patients group showed a significant difference in gene expression (p<0.001) " Fig 5B" . This strongly suggests that virus affects the function of host cells by inducing significantly increased expression of the biomarker Somatostatin.
NCI-H716 infection assay
To confirm the ability of the virus to entry and replicate in neuroendocrine cells, we infected the NCI-H716 cells line with JFH1-HCV virions [40] produced in cell culture as described in material and methods [41] . NCI-H716 is a colorectal adenocarcinoma cell line usually used as a model of endocrine differentiation of intestinal epithelium [42] . Experiment was done in triplicate and viral replication serially assayed between days T0 and T7 after infection. In particular, we evaluated the infectious titer by quantifying the concentration of HCV Core Ag 
Gene expression analysis of interferon-stimulated genes in GIM
So far, we have found that enteroendocrine cells express receptors for HCV entry and that they sustain viral replication, as recapitulated by the in vitro data with NCI-H716 cells " Fig 6" . We were therefore puzzled by the histology of GIM sections that suggested that the titer of infection was quite low. As we observed that HCV could actively replicate within enteroendocrine cells as demonstrated by presence of HCV minus strand RNA, we questioned if host cells responded to HCV infection by mounting an anti-viral immune response to contain viral spread. Upon HCV infection, the innate immune system responds within days by inducing expression of hundreds of IFN stimulated genes (ISGs). In particular 4 genes, IFI27, RSAD2, ISG15 and HTATIP2, were previously identified by Dill et al. to be best the predictors of response to treatment with Interferon-alpha in a supervised classifier analysis of microarray data from liver biopsy specimens [44] . However, it is known that patients with their endogenous IFN system already activated before therapy with pegylated IFNα and ribavirin have a poor drug response. On the contrary, the same genes if induced in non-preactivated patients during treatment with pegylated IFNα and ribavirin are highly effective. In our study in order to establish whether the host mounts an IFN-mediated immune response during viral infection, we analysed expression of IFI27, RSAD2, ISG15 and HTATIP2 in GIM as described by Wieland et al. [45] . The results showed that high levels of ISGs were upregulated in gut biopsies normalized to the uninfected controls " Fig 7A" . In particular, the expression levels of IFI27, RSAD2 and ISG15 genes were high in most HCV-positive patients compared to uninfected control. Moreover, ΔCt values of RSAD2 and ISG15 were significantly higher in HCVpositive patients compared to the HCV-negative patients (p<0.05 and p< 0.001, respectively) " Fig 7B" . These data suggest that, after infection, cells of the GI mucosa responded by triggering an interferon-mediated inflammatory response. Despite our data demonstrated the Gastrointestinal mucosa as extra-hepatic reservoir of HCV
Fig 6. NCI-H716 and Huh 7.5 cells infection using HCV replicons. NCI-H716 cell line was infected in vitro
using JFH1-HCV replicons and the infection levels were evaluated for 7 days after infection. Uninfected cells were used as negative control and Huh7.5 cells were infected using JFH1 as positive control. In both cell lines the HCV core titer in the supernatant of the infected cells was evaluated by Chemiluminescent Microparticle Immunoassay (CMIA) (A, D) and immunofluorescence assay (IF) was performed to stain the HCV Core protein (red) (C, E). Moreover, Real-time PCR was evaluated in NCI-H716 cell line to quantify the HCV viral load (B). For the IF assay, (C, E) nuclei were counterstained with DAPI (blue) and specificity of staining is demonstrated by the negative control with omission of primary antibody (C: scale bar 50μm; E: scale bar 250μm).
https://doi.org/10.1371/journal.pone.0181683.g006
Gastrointestinal mucosa as extra-hepatic reservoir of HCV presence of HCV in GIM compartment, the observed spread of infection was, however, very low in all patients, as confirmed by IHC. The high levels of expression of ISGs detected in situ can justify the reason of this limited viral diffusion in GIM compartment, as also demonstrated in the liver by Wieland et al. [45] . 
HCV intra-tissue quasispecies variability
In order to evaluate the degree of HCV-HVR-1 variability in the different compartments, intra-tissue genetic distance and complexity (Shannon entropy) were calculated for the viral sequences obtained from pre-OLT tissues of each patient. The genetic distance was expressed as mean value of the genetic distance of the 10 clones obtained from each tissue of each patient. In 3 of the 7 patients, intra-tissue genetic distance for GIM was lower than the one observed for liver and serum (patients 1, 4, 6; mean range of genetic distance 0.8-3.5%) with a complexity ranging from 0.27 to 0.55. In 3 of the 7 patients, intra-tissue GIM genetic distance and complexity were very high, (patients 2, 3, 7; mean range of genetic distance 32-42%, range of complexity 0.51-0.94) supporting the hypothesis that the virus can replicate in GIM and thus generate viral variants. For these patients intra-tissue GIM genetic distance was higher than that measured in the plasma, and higher than the one measured in the liver for 2 of the 3 patients. A low intra-tissue GIM GD was observed in 1 of the 7 patients (patient 5) with values very similar to the plasma (respectively 4.2% in GIM and 4% in plasma) and a complexity of 0.73 for the GIM and 0.87 for the plasma (Table 3 ). The median intra-patient genetic distances of HCV quasispecies from each compartment were: 4.2 in GIM, 4 in plasma and 28.4 in liver. Data comparison using Mann-Whitney test showed a significant difference in variability only between liver and plasma (p<0.05). Median intra-patient entropy was 0.79 in plasma (range 0.41-1), 0.53 in GIM (range 0.4-0.94) and 0.48 in liver (range 0.29-0.82). Entropy was significantly higher in plasma compartment compared to liver (p<0.05).
To establish the presence of selective pressure on the mutation acquired from the virus we evaluated the dS/dN ratio. A selective pressure was found only in 1 patient in GIM (dS/ dN = 0.62) and in 2 patients in plasma and in liver (dS/dN<1), likely because of the end-stage nature of the liver disease. Median intra-patient dS/dN values among each compartment were not significantly different (p<0.05). The values were: 1.84 in plasma (range 0-6.47), 1.43 in GIM (range 0.62-41), 1.74 in liver (range 0-2.09) ( Table 3) .
Analysis of HCV compartmentalization
In order to evaluate the HCV GIM compartmentalization before transplantation, we compared the viral variants obtained from GIM with those from plasma and liver by quasispecies analysis of HCV-HVR1 region. Statistical approach and molecular phylogenesis were used to study tissue compartmentalization. Genetic distances obtained from sequences of each compartment for each patient were used to construct matrix for Mantel's test analysis.
By Mantel's test we observed that HCV from GIM was compartmentalized compared with the plasma in 5 of the 7 patients (patients 1, 2, 4, 5, 6) and in 3 of the 7 patients compared with the liver (patients 1, 3, 4) ( Table 4) , suggesting an independent evolution of quasispecies in GIM compartment. These data were confirmed by bootstrapped phylogenetic trees, where it was evident that the GIM HCV sequences segregate independently compared with those isolated from other compartments. Phylogenetic analysis showed also a partial compartmentalization of sequences from the GIM in comparison with sequences from the liver in 3 patients (patients 2, 6, 7) and in comparison with sequences from the plasma in 2 patients (patients 3, 7) "Fig 8" . The overall analysis revealed that 6 out of 7 patients had pre-OLT HCV compartmentalization in sequences from GIM compared to the liver and that 7 out of 7 patients in sequences from GIM compared to the plasma.
The genetic distance analysis performed on the sequences derived from pre-OLT tissues confirmed the Mantel's test results, with high values in cases of compartmentalization, and lower values in cases of partial or no compartmentalization (Table 4) . 
Phylogenetic analysis of HVR1
In order to evaluate the origin of HCV infecting newly transplanted liver, we compared the sequences of quasispecies herein present with that from other tissues such as GIM, liver and plasma pre-OLT and plasma post-OLT. The phylogenetic tree analysis showed that in 4 out of 7 patients (1, 3, 4, 5) some viral sequences of HCV isolated from newly infected liver graft had a great sequence homology to the sequences derived from GIM, suggesting the hypothesis that, after transplantation, the virus produced in GIM homes the graft contributing to HCV relapse. In 4 patients we also found a sequence homology with pre-OLT liver sequences (patients 1, 3, 4, 5). In 2 patients some sequences were homologous with sequences from pre-and post-OLT plasma (patients 4, 6) " Fig 9" . In patient 7, most sequences derived from all tissues were very similar, with an inter-tissue genetic distance ranging from 0.004 to 0.4. Sequences from post-OLT liver were strongly associated with sequences from all tissues in the phylogenetic tree (intragroup genetic distance = 0.006). In patient 2, post-OLT liver quasispecies analysis was not done for a lack of biopsy samples. Any correlation was found between sequence homology and the time of samples collection.
Discussion
It is accepted that HCV has a natural hepatic tropism, though several studies have demonstrated that the virus is present also in other compartments. However few are the reports on HCV infection and replication in extrahepatic tissues [6-11, 13, 14, 46-51] . In this study, we evaluated the role of the GIM compartment as a possible extrahepatic site for HCV replication and its contribution to newly-transplanted liver re-infection. Very few reports have considered the GIM as a site of HCV infection, and demonstrated the presence of viral RNA and antigens in this tissue [14, [46] [47] [48] [49] [50] . Yan and colleagues were able to detect HCV replication in intestine biopsy in only 1 out of 5 cases [14] . In our study, we found that the HCV is present and actively replicates in the GIM of chronically infected patients before and after liver transplantation. In particular, total HCV RNA was detected in 68% of the examined GIM biopsies collected before transplantation and in 76% of GIM biopsies collected after transplantation. HCV RNA minus strand was detected in 59% and 48% of the HCV RNA+ biopsies collected before and after transplantation, respectively. Moreover total HCV RNA was found also in 36% of not transplanted patients and HCV RNA minus strand was also detected in the 75% of the HCV RNA + biopsies. The occurrence of virus in the GIM compartment is demonstrated also by the presence of viral antigens in gastrointestinal cells in 85% of patient's biopsies collected before transplantation, in 91% of patient's biopsies collected after transplantation, and in 73% of not transplanted patients. These data were confirmed also by the expression of the major HCV receptors by GIM cells. In particular, by co-staining we observed viral infection mainly in stromal and enteroendocrine cells. We confirmed that the virus can infect and replicate in the enteroendocrine cells using the neuroendocrine cell line NCI-H716. The enteroendocrine cells are scattered as single cells throughout the intestinal tract within the intestinal crypts and villi [38] and their function is to sense the luminal content and respond accordingly by secreting a variety of peptide hormones which control homeostatic and physiological functions in the digestive tract [52] . Enteroendocrine hormones are involved in the regulation of food intake, glucose homeostasis, energy consumption, intestinal peristalsis and lipid metabolism.
Accumulating evidence has highlighted a possible role of the gastrointestinal tract in HCV life cycle [47-50, 53, 54]. HCV circulating in the blood is strictly associated with very-low density lipoproteins (VLDL) and low-density lipoproteins (LDL) released by the liver during food metabolism [55] [56] [57] [58] . In infected patients, circulating infectious particles are partly found in the low density fractions, associated with triacylglycerol (TG)-rich lipoproteins (TRL) denominated Lipo-Viro-Particles (LVP) and characterized by viral glycoproteins E1 and E2 on the surface and containing viral capsid and RNA [59] . Low density viral particles are of particular interest as they correlate with plasma infectivity, with lower density having increased infectivity. Intracellular HCV precursors have high density [60] and in the process of maturation in the host cells, HCV is transformed into low-density particles with assembly with Apolipoprotein-B (ApoB) molecules [57] . ApoB is a non exchangeable apolipoprotein which remains associated to the particle until its capture and internalization by lipoprotein receptors in the intestine. In humans, hepatocytes secrete very low density lipoproteins (VLDL) containing ApoB100, whereas enterocytes secrete another class of TRL, chylomicrons, which contain apoB48, the truncated form of apoB100 resulting from the enterocyte-specific editing. HCV envelope proteins are detected preferentially associated on the ApoB48 containing fraction, thus demonstrating the fundamental role of the intestine in HCV natural history [53] . Apo-B is a cellular factor essential for the assembly of infectious HCV particles [57] . HCV envelope glycoproteins have also the intrinsic capacity to utilize apoB synthesis and lipoprotein assembly machinery [54] , thus raising the question of the contribution of the intestine to the viral load and suggesting that the virus could take advantage of TRL assembly and secretion for its own production and of TRL fate to be delivered to the liver. The presence of apoB48 in LVP supports the hypothesis of the existence of an intestinal site of HCV assembly and maturation for HCV [48, 53, 54] .
During food processing, lipids are engulfed by GIM epithelial cells [48] that release in the blood chylomicrons carrying HCV particles [61] . As the intestine is connected to the liver via the enterohepatic circulation, these chylomicrons return to the hepatocytes where HCV particles are redelivered [10, 62] . As for ApoB48, Apo-E is another structural component of chylomicrons necessary for lipid uptake by the liver. Importantly, ApoE is found in association with HCV particles and it has been suggested that this complex might play a role in HCV entry in the host cells [63] . Recent work has demonstrated how ApoE is indispensable for the release of core protein from infected cells for infection spread. In the absence of ApoE, not only extracellular infectivity is abrogated, but also direct HCV cell-to-cell transmission is compromised. ApoE represents therefore as a host factor co-determining HCV tissue tropism [64] . Enteroendocrine cells are characterized by a rapid turnover with a lifespan of 4-6 days [52]. It is additionally possible that exfoliating infected cells might reach the liver but also other tissues and mediate cell-to-cell HCV transmission.
According to our data, the virus affects the function of enteroendocrine cells by inducing increased expression of somatostatin. Somatostatin, in fact, has an inhibitory effect on the immune system, inhibiting T cells proliferation and secretion of immunoglobulins and cytokines [39] . Also, HCV interaction with lipoproteins contribute to masking immunogenic viral glycoproteins from host immune system. These two events combined together might provide some hints to the mechanisms of viral escape from immunological pressure [65] .
Since the emerging potential of enteroendocrine cells in intestinal regulation and immune system interaction during infective and inflammatory diseases, our data suggest to further investigate HCV interplay with these cells in the natural history of HCV infection. On the other hand, we have observed low viral replication rates in the GIM tissue. This limited viral diffusion in this compartment could be justified by the high levels of expression of ISGs observed. After viral infection, in fact, the host innate immune system induces the expression of hundreds of IFN stimulated genes (ISGs) in response to HCV. Despite this, in some infected patients HCV persists causing chronic infection during which other hundreds of type I and type III IFN stimulated genes are induced yet not resulting in viral eradication. HCV perhaps interferes with IFN signaling through the Jak-STAT pathway blocking the translation of ISG mRNAs [45] . The high level of expression of ISGs that we found in patient's biopsies may indicate the activation of immune system against the virus that may explain the low level of infection of GIM cells.
The presence of a quasispecies variability and positive values of Shannon entropy in GIM can confirm, furthermore, the ability of virus to replicate, but the very different values observed in the patients may suggest that other factors can contribute to HCV replication efficiency.
HCV compartmentalization in different tissues has been extensively reported [47, 48, 50, 62, 66], but, to the best of our knowledge, our study is the first to evaluate the existence of HCV compartmentalization in the GIM. Some support the idea that HCV undergoes compartmentalization under immunologic pressure with development of extrahepatic quasispecies that cannot infect the liver any longer [26] . Herein, quasispecies analysis of the HCV HVR1 region in all pre-OLT patients found a compartmentalization between the GIM and plasma, and in 6 out of 7 patients between the GIM and the liver. This result indicates that the virus can evolve independently in this tissue and that there is a possible involvement of the HCV particles present in the GIM in viral persistence and relapse of new-transplanted liver. Moreover, the phylogenetic analysis of sequences obtained from re-infected liver indicates no correlation between the observed sequence homology and the time of samples collection. Our data showed a different composition of HCV quasispecies of transplanted liver compared to quasispecies from plasma, highlighting that liver reinfection from blood is a rarer phenomenon, as supported by other studies [26, 67, 68] . Conversely, the bootstrap analysis showed that in most cases the HCV-HVR1 sequences derived from re-infected liver had great similarity with quasispecies from GIM and pre-OLT liver. The physiological connection between the GIM and the liver through the portal vein lends credence to the hypothesis that viral particles after replication in the GIM could gravitate directly to the liver. The observation that some GIM viral quasispecies were different from those in the serum suggests a direct viral-particle transfer from the GIM to the liver with no involvement of blood circulation. Moreover, the evidence of the molecular similarity between HCV variants in the re-infected liver and those present in GIM before transplantation proposes that HCV infection of GIM may play a role in virus persistence and reactivation.
Underpinning the implication of the intestine as a productive replicative extrahepatic reservoir would have relevant clinical implication in the prevention of liver reinfection after transplantation because anti-viral therapeutic aids targeting the GIM cells and their metabolism could be strategically designed to reduce the release of infectious virions by this compartment.
Materials and methods
Ethics statement
Samples were collected from each patient after written informed consent was obtained according to the protocol approved by the institutional research review board and ethics committee (Institutional Research Review Board of ISMETT 14/10). All adult subjects provided informed consent.
Patients
The study was conducted from 2011 to 2016 by analyzing 97 gastrointestinal biopsies collected in Ismett between 2005 and 2014 (3 corpus, 38 antrum, 3 fundus, 8 antrum polyps, 1 fundus polyp, 6 colon, 1 sigmoid colon, 1 jejunum, 13 duodenum, 2 ileum, 1 cecum, 1 cecum polyp, 14 colon polyps, 1 sigmoid colon polyp, 3 rectum polyps, 1 duodenum polyp) from 76 patients: 11 HCV-negative patients and 65 HCV-positive patients, 54 of them HCV liver-transplanted patients, 11 HCV-positive patients suffering from other diseases (2 patients suffering from HCV-related hepatocellular carcinoma, 5 from kidney failure, 1 from gastritis, 1 from heart failure, 1 from cardiomyopathy and 1 from pulmonary emphysema). Among the 54 HCV liver-transplanted patients, of 29 we analyzed biopsies before and after transplantation. The patients were 59 males and 17 females of the same geographical area, with a mean age of 62.33 (range 22-75) years. All patients, but one, were positive for HCV RNAemia. In particular, out of the 29 patients with available biopsies before and after transplantation, 21 were HCV RNA positive before transplantation (16 patients showed a viral load higher than 700,000 IU/ml (range 700,000-100,000.000 IU/ml), 5 between 100,000 and 427,000 IU/ml (median: 165,500 IU/ml), 1 was negative and no data were available for the other 7 patients), and 27 after transplantation (22 patients showed a viral load higher than 700,000 IU/ml (range 842,000-2,750,000,000 IU/ml), 3 between 103,000 and 536,000 IU/ml (median: 427,000), one 4300 IU/ ml, 1 was negative and no data were available for 1 patient) ( Table 1 ). For the other 36 patients, 17 showed a viral load higher than 1,000,000 IU/ml (range 1,070,000-9,860,000), 5 between 500,000 and 1,000,000 (median: 617,000) and 14 lower than 500,000 IU/ml (range 55-416,400) ( Table 2 ).
The majority of the patients were infected with HCV genotype 1b (53 of 65), 3 with 2a/2c, and 6 with 3a. For 3 patients no data were available. Twenty-five patients were treated with antiviral therapy against HCV, in particular, they received ribavirin in combination with α-interferon (IFN) or pegylated-IFN, no data were available for the other 40 patients. 11 HCVnegative patients were included in the study as negative controls (2 patients suffering from nephropathy, 4 from pulmonary fibrosis, 3 hepatic cirrhosis not related to HCV infection, 1 gastritis, and 1 colon cancer). For each patient, GIM biopsies and plasma samples were collected during routine evaluation visits, as planned for patients in waiting list for transplantation. For some patients biopsies pre-and post-OLT were available and for others also liver biopsies. The limited specimen availability allowed us to perform comparative analysis from plasma, GIM and liver samples taken before OLT, and plasma and liver taken after OLT only in 7 patients.
HCV-RNAemia evaluation and HCV genotyping
HCV-RNA was extracted from plasma samples using High Pure System Viral Nucleic Acid kit (Roche Diagnostics, Manheim, Germany) following the manufacturer's instructions and HCV RNA was amplified by Real-time PCR using COBAS Taq 
HCV RNA detection in tissue samples by nested PCR
Total RNA was extracted from 5 sections of 5 μm thick paraffin-embedded GIM biopsies, using Nucleospin FFPE RNA (Macherey Nagel, Haerdt, France), and eluted in RNase-free water. RNA was retro-transcribed in cDNA and amplified using SuperScript III One-Step RT-PCR System with Platinum Taq DNA Polymerase (Invitrogen Corporation, Carlsbad, CA). Specific primers (0.2 μM each) for the 5'UTR region of HCV genome were used: HCV1 (5'-ACTCCACCATAGATCACTCC-3') and HCV2 (5'-AACACTACTCGGCTAGCAGT-3'). An initial step at 50˚C for 30' was carried out to activate Superscript, followed by 2' at 94˚C and 35 cycles of PCR (15"at 94˚C, 30" at 50˚C, 30" at 72˚C), with a final extension step at 72˚C for 7'. Ten μl of the produced amplicons were subjected to a nested PCR in a volume of 50 μl containing 10X PCR Gold Buffer, 25mM MgCl 2 , dNTP 10mM, 1.25 U Taq Gold (Roche Molecular System Inc, Branchburg, New Jersey, USA), and 0.2 μM of primers HCV3 (5'-TTCACGCAGAAAGCGTCTAG-3') and HCV4 (5'-GTTTATCCAAGAAAGGACCC-3') [69] . The PCR cycle conditions were 94˚C for 10', 35 cycles at 94˚C for 30", 50˚C for 30", and 72˚C for 30", with a final extension at 72˚C for 7'. The PCR products of 145 bp were analyzed with 2% agarose gel electrophoresis stained with Gel Red (Biotium, Hayward, CA).
Strand specific RT-PCR for HCV RNA minus-strand detection in GIM biopsies
For the detection of negative-strand HCV RNA, total RNA obtained from paraffin-embedded GIM biopsies was retro-transcribed using the Reverse Transcription System (Promega, Madison, WI, USA) and 1.5 μM of the HCV1 sense primer. cDNA was then amplified by a first round PCR in a total volume of 50 μl containing 10X PCR Gold Buffer, 25mM MgCl 2 , dNTP 10mM, 1.25 U Taq Gold, and 0.2 μM each of HCV1 and HCV2 primer. PCR cycling condition were 94˚C for 10', 35 cycles of PCR (45"at 94˚C, 45" at 50˚C, 45" at 72˚C) with a final extension at 72˚C for 7'. Two μl of the first PCR product were subjected to a nested PCR using HCV3 and HCV4 primers. In order to generate a positive control of RNA minus-strand, the 5'UTR region of HCV genotype 1b, obtained from an HCV RNA-positive patient was amplified using the HCV1 and HCV2 primers, and was cloned in TOPO-TA vector (TOPO TA Cloning Kit Dual Promoter, Invitrogen, Carlsbad, CA), following the manufacturer's instructions. The RNA-minus was synthesized, after assessing the insert orientation, by in vitro reverse transcription from the SP6 promoter of the recombinant plasmid, using the Riboprobe Combination System -SP6/T7 (Promega), and as described by Craggs et al. [70] . The sensitivity limit of this method was 10 genome equivalents; the strand specificity of the method was assessed using the positive and negative strand of HCV RNA as a template; the discrimination factor, between HCV RNA plus-and minus-strand detection, was 10 4 fold (S2 and S3 Figs).
Immunofluorescence and immunohistochemistry analysis
GIM formalin-fixed and paraffin-embedded biopsies were provided by ISMETT's Pathology Laboratory. Sections of pre-and post-OLT GIM biopsies were deparaffinized and rehydratated using the Leica ST5020 Multistainer (Leica Microsystem, Wetzlar, Germany). After washing with phosphate-buffered saline (PBS) (Lonza, Basel, Switzerland), heatinduced antigen retrieval step with citrate buffer (Dako, Carpinteria, CA, USA) was performed.
Blocking of non-specific sites was done using 3% bovine serum albumin (BSA) and 0.05% Tween 20 (both from Sigma-Aldrich, St. Louis, MO, USA) in PBS for 1-2 hours at room temperature.
Immunofluorescence assays were performed to detect the presence of the main HCV receptors, in particular the biopsy sections were incubated overnight in a humid chamber at 4˚C with the following primary antibodies in blocking solution: rabbit polyclonal anti-SR-B1 (NB400-104, 1:200; C-terminal 450-509; Novus Biologicals, Cambridge, UK) [71] mouse monoclonal anti-CD81 (MON4103, 1:50; OCI-LY8; Uden, The Netherlands) [72] , rabbit polyclonal anti-Claudin-1 (51-9000, 1:50; C-teminal; Invitrogen Corporation, Carlsbad, CA) [73] , and rabbit polyclonal anti-Occludin (71-1500, 1:50; C-terminal 150 aa; Invitrogen Corporation, Carlsbad, CA) [74] .
For the double staining analysis, in order to identify the specific virus infected-cells, mouse monoclonal anti-Chromogranin A (LK2H10, pre-dilute; secretory granules of most endocrine cells; Ventana, Tucson, AZ) [75] and goat polyclonal anti-core (2861, 1:5000; recombinant core; ViroStat Inc., Portland, ME) [76] were used as primary antibodies. After washes in PBS, the polyclonal fluorescein (FITC)-conjugated Affipure Donkey anti-goat and Cy3-conjugated Affipure Donkey anti-mouse (Alexa Fluor 488 and 594; Invitrogen Corporation, Carlsbad, CA) were used as secondary antibodies for 1 hours at room temperature.
The stained biopsy sections were mounted using SlowFade Gold Antifade reagent (Invitrogen Corporation, Carlsbad, CA) including 4,6-diamidino-2-phenylindole (DAPI) for the nuclear counterstaining and stored in the dark. Cell imaging was done with the fluorescence microscope Nikon Eclipse 50i (Nikon Corporation, Japan) coupled with a camera (Olympus XM10) and CellF software for image acquisition (Olympus).
For immunohistochemistry assay, performed to detect the presence of structural (E1, E2, Core) and nonstructural (NS3, NS4) HCV proteins in the GIM, after antigen retrieval, biopsy sections were incubated with methanol/3% H 2 O 2 (both from Sigma-Aldrich) for 30 min to deactivate the endogenous peroxidase. Endogenous avidin and biotin were blocked using avidin/biotin blocking kit (Vector Laboratories, Inc.) and non-specific sites were blocked using normal serum of the Vectastain Elite ABC kit (Vector Laboratories Inc.) in PBS for 1-2 hours at room temperature.
The biopsy sections were incubated with the following primary antibodies overnight in a humid chamber at 4˚C: mouse monoclonal anti-NS3 (MMM33, 1:50; Monosan, Uden, The Netherlands) [77] ; mouse monoclonal anti-NS4 (5D4/10E7, 1:150; chimeric polyprotein of 90 aa; Santa Cruz Biotechnology, Inc., Santa Cruz, USA) [78] ; mouse monoclonal anti-E1 (BDI198, 1:1000; Santa Cruz Biotechnology, Inc.) [78] ; goat polyclonal anti-core (2861, 1:5000; recombinant core; ViroStat Inc., Portland, ME) [76] and goat monoclonal anti-E2 (ViroStat Inc.) [79] . The Vectastain Elite ABC kit and DAB peroxidase substrate kit (both from Vector Laboratories Inc.), were used as an antigen detection system following the manufacturer's instructions. Sections were counterstained with Mayer's Hematoxyline (Bio-Optica, Milano, Italy). Images were recorded with a Nikon digital camera (Nikon Corporation). The specificity of the immunohistochemical and immunofluorescence assays was tested by performing, for each antibody, a staining without the primary antibody " Figs 1, 3 and 4 ."
RT-PCR for gene expression analysis
Six GIM biopsies, 3 pre-and 3 post-OLT, from HCV-positive patients and 1 from a negative patients were collected for the analysis of the interferon stimulated genes IFI27, RSAD2, ISG15, HTATIP2. 15 GIM biopsies from HCV-positive patients and 2 from negative patients were collected for the analysis of somatostatin.
RNA was purified from all samples using Nucleospin FFPE RNA (Macherey Nagel). RNA was retro-transcribed in cDNA using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems) in a total volume of 20 μl containing 10X RT Buffer, 10X RT random primers, 25X dNTP mix (100mM), Multiscribe Reverse Transcriptase 50U/ml, and RNAse inhibitor. The RT cycling conditions were 25˚C for 10', 37˚C for 120', and 85˚C for 5'. The obtained cDNA was pre-amplified using the TaqMan PreAmp Master Mix kit (Applied Biosystems). In particular, cDNA, TaqMan preamp Master Mix 2X and each assay (IFI27, RSAD2, ISG15, HTATIP2, 18S, Chromogranin A, somatostatin and GAPDH) were mixed and pre-amplified at 90˚C for 10' followed by 10 cycles at 95˚C for 15", and 60˚C for 4'. The preamplified cDNA was used to evaluate the expression of each gene by Realtime, using TaqMan Gene Expression Assay and Gene expression master Mix (Applied Biosystems). The experiment was performed in triplicate on the 7900 HT Fast Real Time PCR System (Applied Biosystem) according to the following cycle conditions: 95˚C for 10', 50 cycles at 95˚C for 15", and 60˚C for 1'.
For gene expression analysis, a relative quantification was performed (2 -ΔΔCt ) using a housekeeping gene (18S for the analysis of interferon stimulated genes and GAPDH for the analysis of somatostatin) for the normalization and the data were compared to HCV negative patients as a calibrators. 
Transfection of
Viral stock production
HCV viral stock were prepared as previously described [80] . Briefly, culture supernatants of HCV-infected Huh7.5 were clarified of cell debris by low-speed centrifugation (1,000 × g, 4˚C, 10 min) and filtration through 0.45-μm-pore-size filter. The filtered culture supernatant was buffered with Hepes 20mM to stabilize pH to about 7.0 and then concentrated by the addition of 1/5 volume of ice-cold 40% PEG-8000/2.5M NaCl. HCV virus was precipitated at 4˚C overnight, followed by centrifugation at 13000 × g at 4˚C for 30 min. The precipitated virus was suspended and stored frozen at −70˚C.
Viral stock titration and immunostaining 12x10 3 /well Huh7.5 were seeded on 10mm diameter glass coverslip placed in 48-well plate.10--fold serially diluted viral stock was added to Huh7.5 cells in medium that was changed after 6 h. At 72 h post-infection, immunostaining against HCV core protein was performed. Briefly, cells were washed three times with PBS and fixed with ice-cold methanol at -20˚C for 20 min. Cells were washed for three times with PBS, blocked for 1 h with PBS, 5%Normal Goat Serum (Biogenex, Fremont, CA, USA), 2% BSA and incubated with mouse anti-HCV Core (clone [C7-50], Abcam, Cambridge, UK) [81] diluted in blocking buffer 1:300 for an overnight at 4˚C in a humidified chamber. Cells were washed with PBS and incubated for 1h at room temperature with secondary antibody goat anti-mouse IgG-Alexa568 (Invitrogen). The stained biopsy sections were mounted using SlowFade Gold Antifade reagent (Invitrogen) including DAPI for the nuclear counterstaining and stored in the dark. Images were acquired with confocal microscope (TCS SP5 II, Leica). The number of foci formed at the highest dilution was used to calculate the virus titer, which was expressed as the number of focus-forming units per milliliter of supernatant (FFU/ml). The titers of our JFH1 viral stock were usually in the range of 10 4 to 10 6 FFU/ml.
NCI-H716 infection assay
Human NCI-H716 [H716] (ATCC 1 CCL-251™) cells [82] were cultured in RPMI 1640 supplemented with 10% FBS, 2mM L-glutamine, 100 IU/ml penicillin and 100ug/ml streptomycin. Cells were grown in suspension at 37˚C, in a humidified incubator in 5% CO 2 . NCI-H716 cells were seeded in 12-well plates at a density of 10 
HVR1 amplification and cloning
Total RNA was extracted from serum sample using the QIAamp MinElute Virus Spin kit (Qiagen GmbH, Hilden, Germany) and from GIM and liver biopsies, using the Nucleospin FFPE RNA kit (Macherey Nagel) and then transcribed using the Reverse Transcription System (Promega, Madison, WI, USA). cDNA was amplified by first round PCR in a total volume of 50 μl containing High Fidelity PCR Master Mix with HF Buffer (Thermo Scientific, Lithuania) and 0.2 μM of HVR1 and HVR2 primers, spanning the E1/E2 regions, including the entire HVR1 sequence. PCR conditions were 35 cycles at 98˚C for 10", 56˚C for 20", and 72˚C for 20", preceded by pre-heating at 98˚C for 1' and followed by a final extension at 72˚C for 5'. PCR products were re-amplified in a second PCR using the primer pair HVR3/HVR4 with an annealing temperature of 58˚C. PCR templates were cloned in pGEM-T easy vector (pGEM-T Easy Vector Systems, Promega) using competent E.coli JM109 cells. Ten recombinant colonies for each sample were selected and incubated over night at 37˚C in Luria Broth medium containing 50 μg/ml of ampicillin (Sigma-Aldrich Chemie, GmbH, Steinheim). Plasmid DNA from bacterial cultures was purified using the QIAprep Spin Miniprep kit (Qiagen GmbH) and restricted for 1 hour at 37˚C using the EcoRI restriction enzyme (New England Biolabs, UK) to verify the presence of the insert. Plasmidic DNA was then labeled with the Big Dye terminator Cycle sequencing Kit v 3.1 (Applied Biosystems) and sequenced using ABI Prism 3500 Genetic Analyzer (Applied Biosystems).
Phylogenetic analysis was conducted on viral quasispecies obtained from patients' samples before and after transplantation. The sequences were edited and HVR1 regions were aligned using ClustalW, integrated in BioEdit Software (Tom Hall, USA). Quasispecies analysis was performed using MEGA v 5.1 [83] . Intrapatient genetic distances were calculated by pairwise comparison of nucleotide sequences using Kimura's two-parameter method [84] and were expressed as a percentage.
Synonymous (dS)/ non synonymous (dN) ratio was calculated as an index of selective pressure on viral quasispecies using the the Nei-Gojobori method with Jukes-Cantor correction [21, 85] Phylogenetic trees were constructed for each patient's sequences with the neighborjoining algorithm with 1,000 replicates of bootstrap sampling. Bootstrap values of ! 60% were considered significant [86, 87] Shannon entropy, which measures quasispecies complexity, was calculated at the nucleotide level using the following equation: -S(p i Ã lnp i )/lnN, where p i is the relative frequency of each sequence in the viral quasispecies and N is the total number of analyzed sequence. The Shannon entropy values range from 0 to 1, where 0 means no complexity and 1 means highest complexity analysis [88] .
Compartmentalization of HCV quasispecies was evaluated by molecular phylogenesis and by Mantel's test as describes [26, 86, 89, 90] . Briefly, the Kimura two-parameter distance matrix of the sequences of each patient was compared with a similar matrix M (x, y) of the same size obtained by replacing distances with 0 if the sequences were from the same compartment and with 1 if the sequences were from distinct compartments. The Pearson correlation coefficient was computed using XLSTAT software with 10,000 permutations [26, 51, 88] . P values <0.05 were considered statistically significant, evidence that sequences from a given compartment were genetically closer to each other than to sequences from other compartments.
To avoid cross-contamination between samples, cloning assay of HCV HVR-1 sequences obtained from all tissues were performed in different times for each patients.
Statistical analysis
Quantitative variables were expressed as means and standard deviations or medians and ranges, and categorical variables were expressed as absolute and relative frequencies. Data comparisons were performed with the paired Student's t-test, Student's t-test, Wilcoxon rank-sum test, Z test for proportion when were appropriate. Homoscedasticity and normal distribution assumptions of the t-tests were assessed with the Levene's test and Shapiro-Wilk test. Statistical tests were considered significant with a corresponding P value <0.05. Data handling and statistical analyses were performed with Stata 13.0 and GraphPad Prism 6 software. 
